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DESIGN AND VALIDATION OF AN EXPERIMENTAL SETUP TO STUDY SINGLE
PHASE HEAT TRANSFER ENHANCEMENT OF FEMTOSECOND LASER
PROCESSED METALLIC SURFACES
Sarah Jane Wallis, M.S.
University of Nebraska, 2017
Advisors: Sidy Ndao and George Gogos
In the present work, a single phase flow heat transfer experimental loop was
designed with the intention of studying the effects of femtosecond laser surface processing
(FLSP) on metallic surfaces with the specific goal of enhancing heat transfer in compact
heat exchangers currently in use by NASA. This experimental setup went through two
major design iterations which are detailed in this thesis. The first iteration consisted of a
counterflow fluid-to-fluid heat exchanger, which measured overall heat transfer
coefficients and pressure drops, where the overall heat transfer coefficient is defined in
terms of the total thermal resistance to heat transfer between two fluids. Test results of
overall heat transfer coefficients and pressure drops for smooth and FLSP processed
minichannels were obtained with this design. Because of the difficulty in comparing overall
heat transfer coefficients for minichannels with highly differing surface roughness, the
experimental setup was redesigned to be capable of measuring heat transfer coefficients
for single channel flow. The final design iteration uses a constant applied heat flux on a
single minichannel to allow for measurement of heat transfer coefficients. Heat transfer
coefficients for an FLSP 316 stainless steel surface have been obtained with this single
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minichannel design. Results show no enhancement in the heat transfer coefficient of the
FLSP 316 stainless steel surface.
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Chapter 1: Introduction
Introduction
Single phase flow in small channels is receiving considerable attention recently due
to its potential to enhance the performance of heat exchange equipment [1]. Fluid flow
inside small channels can be found in many biological systems where extremely efficient
heat and mass transfer processes occur, such as lungs and kidneys. Man-made systems,
such as heat exchangers and heat sinks, have been designed in a similar manner to try and
achieve higher heat transfer rates [2]. Small scale heat sinks and compact heat exchangers
fall into this category of small channel heat exchange equipment. These can either fall
under the category of passive cooling devices (no external power needed), or active cooling
devices (external power required). This thesis will focus on single phase heat transfer
enhancement for the application in compact heat exchangers.
Compact heat exchangers are used in a wide variety of applications due to their
small size and light weight. The word ‘compact’ in compact heat exchangers refers to the
large surface area to volume ratios, which allow for larger heat transfer in a smaller space.
Area density is the ratio of heat transfer surface area to heat exchanger volume. A gas-tofluid heat exchanger is referred to as being a compact heat exchanger if its heat transfer
surface has a surface area density greater than about 700 m2/m3 or a hydraulic diameter
𝐷𝐷ℎ ≤ 6mm if at least one fluid is a gas, and in excess of 400 m2/m3 when operating in liquid

or multi-phase streams [3]. For comparison, a typical shell-and-tube heat exchanger has a
surface area density of less than 100 m2/m3. The small hydraulic diameter of these compact
heat exchangers causes the flow to be laminar and increases pressure drop. Laminar flow
tends to have a lower heat transfer coefficient than turbulent flow, and as such, heat transfer
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enhancement techniques are sought to improve the efficiency of compact heat exchangers.
These enhancement techniques often involve manipulating the behavior of the flow to
achieve the enhanced mixing present in turbulent flows.
The channel classification followed in this thesis was first presented in Kandlikar
and Grande [4] and is as follows: a conventional sized flow passage has a hydraulic
diameter larger than 3.0 mm, a minichannel passage has a hydraulic diameter between 3.0
mm and 200 µm, and a microchannel passage has a hydraulic diameter of less than 200
µm. The experimental setup designed in this thesis fits under the minichannel
classification.
In this study, 316 stainless steel was used as the experimental heat transfer surface.
The experimental setup detailed in this study was designed with the goal of testing the
change in heat transfer coefficient of 316 stainless steel surfaces modified with the use of
the surface enhancement technique referred to as Femtosecond Laser Surface Processing
(FLSP). This technique creates self-organized micro/nano structures on the heat transfer
surface. Heat transfer enhancement through femtosecond laser surface processing (FLSP)
is specifically desired by NASA due to the considerable mass of heat exchangers and cold
plates on spacecraft. Currently, it costs around $10,000 to put a pound of payload in Earth
orbit. Through enhanced heat transfer, the mass and volume footprint of these heat
exchangers can be reduced. The increases in pressure drop due to the increased roughness
of the FLSP surface were also measured.
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1.1 Related Literature Review
1.1.1 Enhancement Through Surface Roughness
For small hydraulic diameter passages, the roughness features on the channel walls
play an important role in heat transfer and pressure drop characteristics of the flow. It is a
well-known fact that decreasing flow channel size results in an enhancement in the heat
transfer coefficient with a corresponding increase in pressure drop. As early as in the
nineteenth century, Darcy [5] studied pressure drop across pipes of different materials and
roughness. Nikuradse [6] studied the effect of roughness on flow characteristics in circular
pipes over a large range of Reynolds numbers. Their work established the effect of relative
roughness (ε/D) on flow characteristics.
Several decades later, as advancements in technology allowed researchers to
manufacture smaller flow channels with micron-sized dimensions, it was discovered that
the relative roughness of the channel walls had a significant effect on heat transfer. In a
1984 publication, Wu and Little [7] tested the heat transfer characteristics of nitrogen gas
flowing through micro-heat exchangers and found that the average Nusselt numbers were
higher than those predicted by the conventional correlations for fully developed laminar
flows. They attributed this to the very large relative roughness of the microchannels.
Roughly ten years later, Rahman and Gui [8] tested the laminar forced convection of water
in etched silicon microchannels in 1993; they found that the Nusselt numbers were higher
than those predicted for developing laminar flows. In order to explain the larger than
expected values of the Nusselt numbers, the authors pointed to the role of the surface
roughness on the disruption of the velocity boundary layer. A publication by Kandlikar et
al. [9] in 2003 studied the effect of surface roughness in a minichannel flow on heat transfer
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and pressure drop. This was one of the first publications to purposefully study the effect of
surface roughness on heat transfer. In the study, acid treatments were used to etch 316
stainless steel tubes of 1.067 mm and 0.62 mm diameter. They determined that the effective
roughness (ε/D) ratio had a larger effect in smaller diameter channels than the same ε/D
ratio in a conventional channel. In the same year, Wu and Cheng [10] performed a study
of convective heat transfer in silicon trapezoidal channels and found that the laminar
Nusselt number increased with the increase of surface roughness.
In more recent years, research on single phase heat transfer in minichannels through
enhanced surface roughness has dwindled. Research has started to focus on other methods
of heat transfer enhancement, such as smaller hydraulic diameters by way of
microelectromechanical systems (MEMS) devices, nanofluids, and micro pin fins, to name
a few [11].
1.1.2 Enhancement Through Altered Surface Wettability
The surface wettability of heat exchange surfaces can also be altered to control the
behavior of the fluid to surface interaction. Wettability is an ability of a liquid to maintain
contact with a solid surface. The surface of the flow channel can be manipulated to make
it either hydrophilic (water-loving) or hydrophobic (water-fearing). Two-phase interaction
on a surface is highly influenced by the wettability and many studies have focused on the
role of hydrophobic/hydrophilic surfaces in two-phase heat transfer [12]–[14]. In recent
years, many studies have delved into the use of femtosecond lasers to alter surface
wettability and roughness[15]–[18]. Tailored wettability and roughness through the use of
femtosecond laser surface processing (FLSP) has emerged as a promising method of
enhancing two-phase heat transfer on metallic surfaces [19]–[21]. The

surface
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wettability of heat exchange surfaces can also be altered to control the behavior of the fluid
to surface interaction. Wettability is an ability of a liquid to maintain contact with a solid
surface. The surface of the flow channel can be manipulated to make it either hydrophilic
or hydrophobic. The word hydrophilic comes from the Greek roots hydro- (meaning water)
and philia (meaning loving), while the word hydrophobic comes from the Greek roots
hydro- and -phobia (meaning fearing or hating). Two-phase interaction on a surface is
highly influenced by the wettability and many studies have focused on the role of
hydrophobic/hydrophilic surfaces in two-phase heat transfer [12]–[14]. In recent years,
many studies have delved into the use of femtosecond lasers to alter surface wettability and
roughness[15]–[18]. Tailored wettability and roughness through the use of femtosecond
laser surface processing (FLSP) has emerged as a promising method of enhancing twophase heat transfer on metallic surfaces [19]–[21].
There is much less investigation into the effect of wettability on single phase heat
transfer. In Wu and Cheng’s [10]study on silicon trapezoidal channels, it was concluded
that the Nusselt number of strong hydrophilic surfaces (thermal oxide surfaces) was larger
than those having weak hydrophilic surfaces (silicon surfaces). Hsieh and Lin [22] studied
the heat transfer characteristics of several different fluids in rectangular microchannels and
found that the hydrophilic microchannels consistently showed higher local/average heat
transfer coefficients than that of hydrophobic microchannels, although the increase was
only about 8%. Rosengarten et al. [23] investigated the effect of contact angle on the
convective heat transfer in a microchannel, whereby they analytically derived the Nusselt
number using an altered slip velocity condition. They found that higher contact angle
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surfaces tend to decrease the heat transfer coefficient as compared to lower contact angle
surfaces.

1.2 Experimental Objective and Goals
The goal of this experimental work was to design and validate an experimental
setup that would be capable of determining if functionalized metallic surfaces fabricated
with the FLSP technique are a viable means of enhancing single phase heat transfer.

Chapter 2: FLSP
2.1 FLSP
Femtosecond laser surface processing is rapidly emerging as a powerful method for
the fabrication of multiscale surface structures (surfaces with roughness on both the
micrometer and nanometer scales). Multiscale surfaces are considered to be biologically
inspired because of their occurrence in nature; an example of a multiscale surface is the
superhydrophobic lotus leaf, which exhibits self-cleaning due to the nature of its multiscale
surface structures [24]. Multiscale surface structure has been shown to strongly affect the
wettability of a surface, which can result in either the enhancement or the hindrance of heat
transfer.
The size and shape of the self-organized surface structures fabricated via FLSP are
controlled through several parameters: laser fluence, the number of laser shots per area
incident on the sample, and the processing environment. The generation of surface features
is achieved through multi-phase illumination of the sample using laser fluence values
above the material’s ablation threshold. Absorption of the laser’s energy initiates a complex
combination of growth mechanisms including laser ablation, capillary flow of laser-
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induced melt layers, and redeposition of ablated material [25]–[29]. Possible surface
structures formed during FLSP include below surface growth (BSG) and above surface
growth (ASG) mounds [19], [25]. Scanning electron microscope images of these two types
of surface structures can be seen below in Figure 1, and a visual aid for the formation
process can be seen in Figure 2. Typically, BSG-mounds are formed with lower fluence
and higher pulse count than ASG-mounds.

Figure 1: Scanning electron microscope images of BSG and ASG-mounds on 304
stainless steel. The top image of each panel was taken at a viewing angle of 45° to show
the structure height relative to the original surface; the bottom image of each panel was
taken at normal incidence to show the size and separation of the structures [19].
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Figure 2: Diagram of the formation of (a) BSG-mounds and (b) ASG-mounds through
three phases of development [25]

2.2 FLSP Fabrication Specifics
FLSP surfaces consisting of ASG-Mounds were used for this study. The laser used
to produce the functionalized samples was a Coherent Astrella, Ti:Sapphire femtosecond
laser system (Figure 3), which was capable of producing 6 mJ, 35 fs pulses at a 1 kHz
repetition rate with a center wavelength of 800 nm . The pulse length and chirp were
monitored using a Frequency Resolved Optical Gating (FROG) instrument. The position
of the sample with respect to the laser focal volume was controlled using computer-guided
Melles Griot nanomotion translation stages with three axes of motion. The laser power was
controlled using a half-waveplate and a polarizer. All surface processing was completed in
open atmosphere [25]. A Thorlabs MPD169-P01 parabolic mirror, with 152.4 mm focal
length, was used to focus the femtosecond pulses, which have a Gaussian spatial profile. It
should be noted that in a previous study on a sample processed in a similar manner to the
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sample discussed in this paper, no foreign materials (materials not native to the substrate)
were detected in the nanoparticle layer [26].

Figure 3: Femtosecond laser surface processing setup
The FLSP surface used in the counterflow heat exchanger experimental setup
detailed in Chapter 3 is referred to as “FLSP S1” in this study. The FLSP surface used in
the single minichannel experimental setup detailed in Chapter 4 is referred to as “FLSP
S2”. The laser parameters for each of these FLSP samples are detailed below in Table 1.
Table 1: FLSP Sample Laser Parameters
Sample

Laser Spot Size (μm)

FLSP S1
FLSP S2

109
191

Peak Fluence
(J/cm^2)
24
7.89

Pulse Count
152
459

2.3 Heat Transfer Surfaces and Characterization
The impact of multiscale surface structures produced via FLSP on the heat transfer
coefficient of 316 stainless steel surfaces was investigated through the characterization of
FLSP samples with a smooth sample as a control. These surfaces were fabricated with the
processes outlined in Chapter 2. Characterization of the smooth and laser processed SS316
surfaces was carried out using 3D profilometry scans, which were taken with a 3D confocal
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laser scanning microscope (Keyence VK-X200). As can be seen from Figure 4, the FLSP
surfaces consisted of self-assembled microstructures characterized by deep holes
separating pointed structures, also known as Above Surface Growth Mounds (ASGMounds) [25].
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Figure 4: 3D topography scans (left) and laser/optical microscope images (right) for the
316 stainless steel samples referenced in this study. It should be noted that the right
images have a 100 micron scale bar in the lower right corner and that the colors of the
topographical images do not correspond to each other. For the smooth sample, red
represents a height of 6 microns, while the same color represents a height of 255.2
microns on the FLSP S1 sample and 143.7 microns on the FLSP S2 sample.
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From the 3D confocal laser scanning microscope data, surface roughness,
microstructures height and peak protrusion information could be obtained. Microstructures
on the FLSP S1 surface had an average peak-to-valley height of 225 µm, a surface
roughness Rrms value of 51 µm and a peak protrusion height of 46 µm. Microstructures on
the FLSP S2 surface had an average peak-to-valley height of 117 µm, a surface roughness
Rrms value of 24 µm and a peak protrusion height of 0 µm. These measurements were taken
at a variety of random locations on each surface. It should be noted that the FLSP samples
were kept superhydrophilic (contact angle of zero degrees) through storage in water. If the
contact angle ever went above zero degrees, the sample was heated in a furnace to 200°C
to burn off any adsorbed hydrocarbons from the surface. Hydrocarbons are present in air
and can affect the wettability of FLSP samples [30]. Table 1 gives a summary of results
from the surface characterizations.
Table 2: Measured surface characteristics
Sample
Smooth
FLSP S2
FLSP S2

RMS Surface
Roughness (μm)
<1
51
24

Peak-to-Valley
Height (μm)
5
225
117

Peak Protrusion
Height (μm)
0
46
0
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Chapter 3: Fluid-to-Fluid Counterflow Heat Exchanger
3.1 Experimental Setup
In the initial design of the experimental setup, a basic fluid-to-fluid counterflow
heat exchanger loop was constructed. This type of experimental setup was chosen because
of an intended application of the outcomes of this research: enhancing performance of heat
exchangers for use on NASA spacecraft. Scott Hansen at NASA Johnson Space Center in
Houston, TX provided technical assistance with the specifics of heat exchangers planning
on being used on NASA spacecraft. An experimental setup was designed for the heat
transfer experiments using two fluid loops which transferred heat to each other within a
test section. A schematic detailing the experimental setup is shown below in Figure 5.

Figure 5: Schematic of Fluid-to-Fluid Counterflow Heat Exchanger Experimental Setup
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In each fluid loop, there was a fluid reservoir directly upstream of a gear pump
(Micropump GA-X21.P8FS.A and Micropump GA-T23.P8FS.A). The pump drew the
fluid from the fluid reservoir and pumped it through a copper coil submerged in a bath
(Anova A25) with the purpose of either lowering or raising the temperature of the fluid.
The fluid then passed through an inline filter with a pore size of 15 micron to prevent any
contaminants from entering the test section. The rotameters for each fluid loop (Omega
FL-3503ST and Omega FL-3504ST) were placed after the test section, with the purpose of
keeping the outlet of the rotameter at atmospheric pressure. It should be noted that
rotameters are usually calibrated with their outlet at atmospheric pressure, so any
backpressure will skew the readings of the volumetric flow rate. Ball valves were placed
on both sides of the test section to allow for easy removal of the test section from the
experimental setup. Thermocouples were placed at the inlet and outlet of the flow channel
on both sides of the heat exchanger. Differential pressure transducers (Omega PX409005DWUV and Omega PX409-001DWUV) were placed to measure the differential
pressure between the inlet and outlet of the flow channel. The specifics of the heat
exchanger test section are detailed in the following paragraphs.
The specific geometry of the heat exchanger test section went through several
iterations. As a starting point, the working fluids and specific geometry of an existing platefin heat exchanger from NASA’s Orion spacecraft were examined. The working fluids for
this heat exchanger are a 50/50 Propylene Glycol/Water (PGW) mix for the hot side, and
3M™ Novec™ 7200 Engineered Fluid (Novec) for the cold side. The given geometry for
this heat exchanger (called an Interface Heat Exchanger by NASA) is tabulated below in
Table 2. Because the compact heat exchanger detailed in Table 2 achieves significantly
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higher heat transfer than a single pass counterflow heat exchanger, it was decided to use a
geometry that better suited the experimental setup and would achieve adequate temperature
drop in a single pass.
Table 3: NASA Interface Heat Exchanger (IFHX) Geometry

To achieve a significant change in temperature of the fluids, the geometry of the
316 stainless steel plate in contact with the fluid was chosen to be 1.0 cm wide by 18 cm
long. The thickness of the plate was chosen to be 1.9 mm to keep the thermal resistance
low while also maintaining rigidity. The flow channels were designed to be 0.5mm tall
with the purpose of achieving a relatively small hydraulic diameter, which would also
increase heat transfer to the fluid. The previous channel parameters result in a hydraulic
diameter of approximately 0.95 mm, which would make this channel fall under the
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classification of minichannel [2]. The range of flow rates chosen for the experimental setup
were specifically chosen to keep the flow of both fluids in the laminar flow regime. The
316 stainless steel plate was sandwiched between two machined Delrin® blocks. Delrin®
was chosen for its machinability and for its low thermal conductivity of around 0.3 W/m/K.
Its low thermal conductivity allows the assumption that the bulk of the heat transfer
between the fluids will occur across the 316 stainless steel. A 0.010” thick silicone rubber
gasket was used as a seal between the Delrin® and the 316 stainless steel plate. The
hardness of the silicone rubber gasket corresponded to a Shore durometer rating of 10A.
Due to this extremely low hardness rating, the gasket’s compressed thickness was
neglected when calculating the flow channel area.
After several iterations, the heat exchanger test section was finalized and then
machined. A CAD model of the heat exchanger test section with its fittings attached is
shown below in Figure 6. This test section consists of two nearly identical Delrin® pieces
that are fastened together around the stainless steel plate. A tilted assembly view is shown
in Figure 7 to help visualization of the inner workings of the heat exchanger test section.
This test section had an inlet and outlet port for both fluids, two ports for differential
pressure measurement for both fluids, and two temperature ports for each fluid to measure
the change in temperature across the channel. The inlet and outlet temperatures for each
fluid in the test section were monitored with the use of T-type thermocouples with exposed
junctions (Omega TMTSS-062E-6). Temperature measurements were acquired with an
input module (National Instruments NI-9213) and data acquisition chassis (National
Instruments cDAQ-9174). Differential pressure measurements and voltage controls for the
pumps were utilized with a separate DAQ device (National Instruments USB-6002).
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Temperature and pressure drop measurements were monitored through an in-house
LabVIEW program.

Figure 6: Isometric CAD view of heat exchanger test section with compression fittings
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Figure 7: Tilted CAD assembly view of heat exchanger test section design. Note that all
fasteners and fittings were hidden in this view to allow for better visualization.
After completion of this design of the test section, it was placed into the
experimental setup with 50/50 PGW as the hot working fluid and Novec as the cold
working fluid. The calibration tables provided with the purchased rotameters were given
for the case of either water or air as the working fluid. The rotameter readings were
corrected for the different fluids using a simple density correction. The actual flow rate of
the fluid was found by multiplying the scale reading flow rate by the density correction
factor, which involves the specific gravities of the float and the fluids and is given as:
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�𝑆𝑆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑆𝑆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 � ∗ 𝑆𝑆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �
�𝑆𝑆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑆𝑆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � ∗ 𝑆𝑆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(1)

In the above equation, the scale fluid is water, while the new fluid is either the 50/50 PGW
or the Novec fluids.
Almost immediately, it was determined that the volumetric flow rate readings from
the rotameters were incorrect, even after correcting for density. It was determined that the
large differences in viscosity between the working fluids and the calibrated fluid (water)
were causing the incorrect readings. Water has a dynamic viscosity of about 1 centipoise
(cP) at 70°F. 50/50 PGW has a dynamic viscosity of 6.34 cP at this temperature [31], while
Novec has a dynamic viscosity of 0.61 cP [32]. For the case of the 50/50 PGW, the much
larger viscosity causes more drag on the float of the rotameter than for the case of water,
which causes the rotameter to read a much higher flow rate than is actually occurring. For
the Novec fluid, the low viscosity causes less drag on the float, causing the rotameter to
read a lower flow rate.
Thus, it was decided to remove the 50/50PGW and Novec fluid from the
experimental setup and change to water for both the hot and cold working fluid. Distilled
water was taken from the building’s tap for use in the experimental setup. The rest of the
work in this thesis is all for the case of water as the working fluid. In future experiments,
in order to use rotameters to measure the flow rates of the 50/50 PGW and the Novec fluid,
calibration curves for the rotameters would need to be performed. Furthermore, calibration
curves would be required at several different temperatures, as the viscosity for these fluids
varies a great deal over a small range of temperature. Another method of measuring
accurate flow rate would be to replace the rotameters with Coriolis mass flow meters,
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which are generally very expensive and require much higher flow rates than the design of
the test section can handle.

3.2 Data Reduction
3.2.1 Overall Heat Transfer Coefficient Calculation
The simplified steady-flow thermal energy equation for an incompressible liquid is
given as:
𝑄𝑄 = 𝑚𝑚̇𝑐𝑐𝑝𝑝 Δ𝑇𝑇

(2)

where 𝑚𝑚̇ is the mass flow rate, 𝑐𝑐𝑝𝑝 is the specific heat for the liquid at constant pressure,
and Δ𝑇𝑇 is the change in the mean temperature of the liquid. The heat transfer across the

316 stainless steel plate was determined by averaging the heat transfer calculated from
Equation (2) for the hot and cold sides of the heat exchanger. The heat transfer of a single
pass counterflow heat exchanger [33] is given in the following equation:
𝑄𝑄 = 𝑈𝑈𝐴𝐴𝑠𝑠 Δ𝑇𝑇𝑙𝑙𝑙𝑙

(3)

where 𝑈𝑈 is the overall heat transfer coefficient, 𝐴𝐴𝑠𝑠 is the heat transfer surface area and ΔTm
is the logarithmic mean temperature difference. ΔTlm is defined as follows:
Δ𝑇𝑇𝑙𝑙𝑙𝑙 =

�𝑇𝑇ℎ𝑜𝑜𝑜𝑜,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜 � − �𝑇𝑇ℎ𝑜𝑜𝑜𝑜,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 �
ln �

(4)

�𝑇𝑇ℎ𝑜𝑜𝑜𝑜,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜 �
�
�𝑇𝑇ℎ𝑜𝑜𝑜𝑜,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 �

The overall heat transfer coefficient, designated as 𝑈𝑈, for a wall separating two fluid
streams is defined as:

1
1
𝑡𝑡
1
=
+
+
𝑈𝑈𝐴𝐴𝑠𝑠 ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝑠𝑠 𝑘𝑘𝐴𝐴𝑠𝑠 ℎℎ𝑜𝑜𝑜𝑜 𝐴𝐴𝑠𝑠

(5)

21
where ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the heat transfer coefficient for the cold side, ℎℎ𝑜𝑜𝑜𝑜 is the heat transfer

coefficient for the hot side, 𝑡𝑡 is the thickness of the stainless steel plate and 𝑘𝑘 is the thermal

conductivity of the stainless steel plate. The metal surfaces were thoroughly cleaned to
ensure no added thermal resistance. By setting the average heat transfer found from
Equation (2) equal to Equation (3), the overall heat transfer coefficient for the heat
exchanger was found to be:

𝑈𝑈 =

�𝑚𝑚̇𝑐𝑐𝑝𝑝 Δ𝑇𝑇�𝑎𝑎𝑎𝑎𝑎𝑎

(6)

𝐴𝐴𝑠𝑠 Δ𝑇𝑇𝑙𝑙𝑙𝑙

3.2.2 Overall Heat Transfer Coefficient Uncertainty Calculation
The uncertainty of the heat transfer was calculated using the standard method of
propagation of uncertainty. The relative uncertainty of the heat transfer based on the
accuracies of the measurement equipment is given as:

𝜎𝜎𝑞𝑞 = ��

2
2
2
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜎𝜎 � + �
𝜎𝜎 � + �
𝜎𝜎 �
𝜕𝜕𝜕𝜕 𝐴𝐴
𝜕𝜕𝜕𝜕𝜕𝜕 AV
𝜕𝜕ΔT ΔT

(7)

where 𝜎𝜎A is the variation of the area of the heat transfer surface (0.14 cm), 𝜎𝜎AV is the

variation of the volumetric flow rate measured by the rotameter (2% of the full scale

reading) and 𝜎𝜎Δ𝑇𝑇 is the variation of the temperature difference measured by the T-type
thermocouples (2°C). This leads to an error of approximately 8-13% for the measured heat

transfer of the hot side and 11-23% for the cold side. Thus, the error for the measured
average heat transfer for the heat exchanger is 9-13%. These relative uncertainties are valid
for both the smooth and FLSP 316 stainless steel surfaces.
The uncertainty of the overall heat transfer coefficient was calculated as follows:
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𝜎𝜎𝑈𝑈 = ��

2
2
2
𝜕𝜕𝑈𝑈
𝜕𝜕𝑈𝑈
𝜕𝜕𝑈𝑈
𝜎𝜎 � + �
𝐴𝐴 � + �
𝜎𝜎
�
𝜕𝜕𝜕𝜕 𝑞𝑞
𝜕𝜕𝐴𝐴𝑠𝑠 𝑠𝑠
𝜕𝜕Δ𝑇𝑇𝑙𝑙𝑙𝑙 Δ𝑇𝑇𝑙𝑙𝑙𝑙

(8)

where 𝜎𝜎𝑞𝑞 is the uncertainty of the heat transfer found using Eq. (7), 𝜎𝜎𝐴𝐴𝑠𝑠 is the variation of

the heat transfer surface area of the stainless steel plate and 𝜎𝜎𝑇𝑇𝑙𝑙𝑙𝑙 is the uncertainty of the

log mean temperature difference. This leads to an estimated error of 10-14% for the smooth
316 stainless steel surface and 10-13% for the FLSP 316 stainless steel surface.

3.3 Results and Decision to Redesign the Test Section
Pressure drop results for the heat exchanger test section design are shown below in
Figure 8. As expected, the pressure drop for the FLSP 316 stainless steel surface was
slightly higher than for the smooth control surface. This was due to the microstructures
created on the surface during FLSP. The percent increase in pressure drop was around 28%
at a Reynolds number of 28 and 8% at a Reynolds number of 115. It should be noted that
the hydraulic diameter used for the case of the minichannel with the FLSP sample was
calculated using the constricted flow channel height, which corresponds to the original
flow channel height minus the height of the microstructure peaks protruding into the flow.
ℎ𝑐𝑐𝑐𝑐 = ℎ − 𝑅𝑅𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝

(9)

where ℎ𝑐𝑐𝑐𝑐 is the constricted flow channel height, ℎ is the original flow channel height and
𝑅𝑅𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝 is the peak protrusion height found from the 3D topographical measurements (46
μm).
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Figure 8: Pressure drop across the minichannel as a function of Reynolds number for
both the smooth 316 stainless steel sample and the FLSP 316 stainless steel sample
Figure 9 and Figure 10 show the resulting overall heat transfer coefficients for the
smooth and FLSP 316 stainless surfaces, respectively. As expected, the overall heat
transfer for the same steel plate stayed relatively constant, with no dependence on flow rate
or fluid temperatures. The obtained overall heat transfer coefficient for the smooth 316
stainless steel sample was 1103 W/m^2-K with a standard deviation of 79 W/m^2-K, while
the overall heat transfer coefficient for the FLSP 316 stainless steel sample was 1034
W/m^2-K with a standard deviation of 102 W/m^2-K.
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Figure 9: Overall heat transfer coefficient with smooth 316 stainless steel as the heat
transfer surface over several runs
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Figure 10: Overall heat transfer coefficient with FLSP 316 stainless steel as the heat
transfer surface over several runs
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It was at this point in the study that several problems were discovered with this heat
exchanger design of the experimental setup. These problems include changes in hydraulic
diameter, difficulties in determination of the heat transfer surface area and lack of control
of experimental parameters.
One of the main reasons a meaningful comparison cannot be made between the
overall heat transfer coefficient for the smooth and FLSP steel samples is due to the change
in hydraulic diameter of the minichannel due to the presence of the FLSP microstructures.
The overall heat transfer coefficient is dependent on the heat transfer coefficients for the
cold and hot fluids and by the thickness of the stainless steel. The heat transfer coefficients
are defined as:
ℎ=

𝑁𝑁𝑁𝑁𝑁𝑁
𝐷𝐷ℎ

(10)

where 𝑁𝑁𝑁𝑁 is the Nusselt number, 𝑘𝑘 is the thermal conductivity of the fluid and 𝐷𝐷ℎ is the
hydraulic diameter. As mentioned in Chapter 2, femtosecond laser surface processing alters

the surface and vastly increases surface roughness. The large surface roughness of the
FLSP sample results in a change in heat transfer coefficient, due to the small hydraulic
diameter of this design’s minichannel (0.95 mm). This change in hydraulic diameter causes
an inherent change in the heat transfer coefficient, and thus, the overall heat transfer
coefficient. It is the author’s understanding that overall heat transfer coefficients for
different heat transfer surfaces in a heat exchanger can only be meaningfully compared if
their flow channel geometries are identical.
Another obstacle in making a meaningful comparison between the overall heat
transfer coefficients for the two surfaces is the role of surface roughness, or 𝐴𝐴𝑠𝑠 , in
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calculating the heat transfer through the steel samples. There are two methods currently
used in the literature for quantifying heat transfer surface area for surfaces with high
roughness values: projected area and total area. The overall heat transfer coefficients for
both the smooth and FLSP samples in this work were calculated with the projected area,
which is the same for both a smooth and rough surface. This may not accurately reflect the
increase in surface area due to the laser processing.
Another factor that influenced the decision to redesign the test section revolved
around the lack of control of the experimental parameters. The heat exchanger design
allowed a user to control only fluid inlet temperatures and the power supplied to the gear
pumps. The outlet temperatures of the fluids were dependent on volumetric flow rate and
the inlet temperatures. The volumetric flow rates were dependent on pressure drops of the
experimental flow loops. The pressure drops for the case of the smooth steel sample and
for the case of the FLSP sample were different, which resulted in different volumetric flow
rates at the same pumping power.
Due to the many concerns of this heat exchanger design, it was decided to redesign
the experimental setup to allow for determination of heat transfer coefficient instead. The
redesign of the experimental setup involved a single minichannel with a constant heat flux
boundary condition, which is detailed in the following chapter.
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Chapter 4: Single Minichannel with Constant Heat Flux Boundary
Condition
4.1 Experimental Setup and Procedure
The final design of the experimental setup was a single channel with a constant heat
flux boundary condition. This was chosen because of the difficulties encountered with the
initial design involving a counterflow heat exchanger test section, which are detailed in
Chapter 3. A schematic detailing the final design of the experimental setup is shown below
in Figure 11.

Figure 11: Schematic of Final Design of Experimental Setup
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In this single fluid loop, there was a fluid reservoir directly upstream of a gear pump
(Micropump GA-X21.P8FS.A or Micropump GA-T23.P8FS.A). The pump drew the fluid
from the fluid reservoir and pumped it through a copper coil submerged in a bath (Anova
A25) with the purpose of keeping the test section inlet temperature close to room
temperature. The fluid then passed through an inline filter with a pore size of 15 micron to
prevent any contaminants from entering the test section. The rotameter (Omega FL3503ST or Omega FL-3504ST) was placed after the test section, with the outlet emptying
back into the fluid reservoir. It should be noted that this was done with the purpose of
keeping the outlet of the rotameter at atmospheric pressure, as this was what the rotameter
was calibrated at. Ball valves were placed on both sides of the test section to allow for easy
removal of the test section from the experimental setup. T-type thermocouples with
exposed junctions (Omega TMTSS-062E-6) were placed at the inlet and outlet of the flow
channel of the test section in order to measure temperature change of the fluid. A
differential pressure transducer (Omega PX409-005DWUV or Omega PX409-001DWUV)
was placed to measure the differential pressure between the inlet and outlet of the flow
channel. The specifics of the heat exchanger test section are detailed in the following
paragraphs.
An exploded assembly view of the constant heat flux test section design is shown
below in Figure 12. The surface area of the 316 stainless steel plate in contact with the fluid
was kept the same as the initial design, measuring 10 mm wide by 18 cm long. However,
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Figure 12: Exploded assembly view of constant heat flux test section
the thickness of the steel plate was changed to 0.91 mm. Similar to the initial design, the
flow channel was 0.5mm tall, resulting in a hydraulic diameter of approximately 0.95 mm,
which would make this channel fall under the classification of minichannel [2]. The 316
stainless steel plate was brazed to the top surface of a machined copper heating block with
the use of a high temperature silver solder paste (Muggy Weld SSQ-6) to ensure good
thermal contact between the two. A cartridge heater was inserted into the copper heating
block and the output power was controlled with a variable transformer. The copper heating
block has 4 locations along the longitudinal axis of the flow channel where thermocouple
holes were drilled to the center of the block. At each of the 4 locations along the block,
three thermocouples (located 3/16” apart) were placed in these holes to measure the
temperature gradient within the copper block in order to calculate the heat flux. Heat flux
values were recorded after the system had reached steady state through monitoring via an
in-house LabVIEW program. The surface temperature of the test section was obtained with
the use of the measured temperature gradient along the heating block. The contact
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resistance between the copper and stainless steel was neglected due to the very thin and
highly thermally conductive silver solder used. Machined Delrin® sleeves were used to
insulate the copper heating block. Foam rubber insulation was used to insulate the entire
test section. A 0.010” thick silicone rubber gasket was used as a seal between the top
Delrin® block and the 316 stainless steel plate. With a Shore durometer rating of 10A, this
gasket’s compressed thickness was neglected when calculating the flow channel area.
After completion of the CAD model, the new design of the test section was
machined. The final design of the test section with its fittings attached is shown below in
Figure 13. This test section had an inlet and outlet port for the fluid, two ports for
differential pressure measurement, two temperature ports for the inlet and outlet fluid
temperature measurements and 12 thermocouple ports along the side to measure the heat
flux in the copper heating block.
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Figure 13: Isometric CAD view of the constant heat flux boundary test section with
compression fittings
The internal temperatures of the copper heating block were monitored with the use
of T-type thermocouples with grounded junctions (Omega TMTSS-032G-6). Temperature
measurements were acquired with an input module (National Instruments NI-9213) and
data acquisition chassis (National Instruments cDAQ-9174). Differential pressure
measurements and voltage controls for the pumps were utilized with a separate DAQ
device (National Instruments USB-6002). Temperature and pressure drop measurements
were monitored through an in-house LabVIEW program.
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4.2 Data Reduction
4.2.1 Heat Transfer Coefficient Calculation
The heat transfer was calculated by way of the simplified steady-flow thermal
energy equation
𝑄𝑄 = 𝑚𝑚̇𝑐𝑐𝑝𝑝 (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖 )

(11)

where 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is the outlet temperature of the channel, 𝑇𝑇𝑖𝑖𝑖𝑖 is the inlet temperature of the
channel and 𝑚𝑚̇ is the mass flow rate and is calculated using the following equation:
𝑚𝑚̇ = 𝜌𝜌𝜌𝜌𝜌𝜌

(12)

In the previous equation, 𝐴𝐴𝐴𝐴 corresponds to the volumetric flow rate of the fluid, which is
measured by the rotameter. To calculate heat flux, the heat transfer value calculated in Eq.

(11) is divided by the heat surface area of the stainless steel plate (1x18 cm2), resulting in
the following:
𝑞𝑞 ′′ =

𝜌𝜌𝜌𝜌𝜌𝜌𝑐𝑐𝑝𝑝 (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖 )
18 𝑐𝑐𝑚𝑚2

(13)

The surface temperature was calculated from the measured average heat flux. The
contact between the stainless steel plate and the copper heating block was assumed to be
ideal due to the highly conductive and very thin layer of silver solder paste used to braze
the two together. The surface temperature was calculated as follows:

𝑇𝑇𝑠𝑠 = 𝑇𝑇1 −

𝑞𝑞 ′′ 𝑥𝑥1 𝑞𝑞′′𝑡𝑡
−
𝑘𝑘𝐶𝐶𝐶𝐶
𝑘𝑘𝑆𝑆𝑆𝑆

(14)
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where 𝑇𝑇1 is the thermocouple temperature located closest to the surface, 𝑥𝑥1 is the distance

between 𝑇𝑇1 and the bottom of the stainless steel plate, 𝑡𝑡 is the thickness of the stainless

steel plate and 𝑘𝑘𝑆𝑆𝑆𝑆 and 𝑘𝑘𝐶𝐶𝐶𝐶 are the stainless steel and copper thermal conductivities,

respectively. The surface temperature was almost constant along the length of the flow
channel. The thermal conductivity of copper was taken to be constant at a value of 386
W/m-K. The thermal conductivity of 316 stainless steel was taken to be constant at a value
of 16 W/m-K.
The heat transfer coefficient is defined as:

ℎ=

𝑞𝑞′′
𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑓𝑓,𝑚𝑚

(15)

where 𝑞𝑞′′ is the heat flux calculated from equation (13), 𝑇𝑇𝑠𝑠 is the surface temperature of the

stainless steel calculated from equation (14) and 𝑇𝑇𝑓𝑓,𝑚𝑚 is the mean fluid temperature. The

mean fluid temperature was calculated as the average between 𝑇𝑇𝑖𝑖𝑖𝑖 and 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 . This is done

by assuming a linear trend between the inlet and outlet temperatures, which is the case for
a constant heat flux boundary condition.
4.2.2 Heat Transfer Coefficient Uncertainty Calculation

The uncertainty of the heat flux was calculated using the standard method of
propagation of uncertainty. The relative uncertainty of the heat flux based on the accuracies
of the measurement equipment is given as:

𝜎𝜎𝑞𝑞′′

2

2

𝜕𝜕𝜕𝜕′′
𝜕𝜕𝜕𝜕′′
𝜕𝜕𝜕𝜕′′
= ��
𝜎𝜎𝐴𝐴 � + �
𝜎𝜎AV � + �
𝜎𝜎 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕ΔT ΔT

2

(16)
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where 𝜎𝜎A is the variation of the area of the heat transfer surface (0.14 cm), 𝜎𝜎AV is the

variation of the volumetric flow rate measured by the rotameter (2% of the full scale

reading) and 𝜎𝜎Δ𝑇𝑇 is the variation of the temperature difference measured by the T-type
thermocouples (2°C). This leads to an error of approximately 8% at a Δ𝑇𝑇 of 30°C.
The uncertainty of the surface temperature was calculated as follows:

𝜎𝜎𝑇𝑇𝑠𝑠 = ��

2
2
2
2
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜎𝜎𝑇𝑇1 � + �
𝜎𝜎q′′ � + �
𝜎𝜎𝑥𝑥1 � + �
𝜎𝜎t �
𝜕𝜕𝑇𝑇1
𝜕𝜕𝜕𝜕′′
𝜕𝜕𝑥𝑥1
𝜕𝜕𝜕𝜕

(17)

where 𝜎𝜎𝑥𝑥1 is the variation of the distance between the top thermocouple in the copper block
and the interface between the copper and stainless steel (0.08 mm) and 𝜎𝜎𝑡𝑡 is the variation
of the stainless steel plate thickness (0.11 mm). This leads to an estimated error of
approximately 1.01°C, which is around 3% for a typical surface temperature of 35°C.
In a similar fashion, the uncertainty of the heat transfer coefficient was also
determined. Using the standard method of the propagation of uncertainty with the values
of uncertainty found in the previous paragraphs, the uncertainties of the heat transfer
coefficient ranged from 10 to 15 %.

4.3 Results
Data was taken for a control surface, that of a smooth 316 stainless steel surface. A
plot of heat transfer coefficient with respect to Reynolds number is shown below in Figure
14. The error bars shown indicate the error of the heat transfer coefficient according to the
values found from the method of propagation of uncertainty detailed previously.
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Figure 14: Heat transfer coefficient for the smooth 316 stainless steel surface
The heat transfer coefficient is shown to linearly increase with increasing Reynolds
number. This is due to the increased thermal entry length that results from increased
Reynolds number. For laminar flow 𝑥𝑥𝑓𝑓𝑓𝑓,𝑡𝑡 may be expressed as [34]:
�

𝑥𝑥𝑓𝑓𝑓𝑓,𝑡𝑡
≈ 0.05𝑅𝑅𝑒𝑒𝐷𝐷 𝑃𝑃𝑃𝑃
�
𝐷𝐷ℎ 𝑙𝑙𝑙𝑙𝑙𝑙

(18)

where 𝑥𝑥𝑓𝑓𝑓𝑓,𝑡𝑡 is the thermal entry length, 𝐷𝐷ℎ is the hydraulic diameter, 𝑅𝑅𝑒𝑒𝐷𝐷 is the Reynolds
number based off that hydraulic diameter and 𝑃𝑃𝑃𝑃 is the Prandtl number for the fluid.
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Figure 15: Calculated relative thermal entry length for flow over the smooth 316
stainless steel sample
A plot of the relative entry length (thermal entry length divided by the total length
of the channel) is shown above in Figure 15. The relative entry length increases from 3.3%
at a Reynolds number of 41 to 8.6% at a Reynolds number of 104. These relative entry
lengths correspond to lengths of 6.0 mm at a Reynolds number of 41 and 15.5 mm at a
Reynolds number of 104. While the relative thermal entry length stays under 9%, this
causes large changes in the heat transfer coefficient due to the much higher values of local
heat transfer coefficient in the developing region. Figure 16 shows a plot of local heat
transfer coefficient for laminar flow in a tube.
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Figure 16: Variation of the convective heat transfer coefficient for flow in a tube [33]
Data was then taken for an FLSP 316 stainless steel surface, for the sample detailed
in Chapter 2 under the name ‘FLSP S2’. A plot of heat transfer coefficient with respect to
Reynolds number is shown below in Figure 17. The error bars shown indicate the error of
the heat transfer coefficient according to the values found from the method of propagation
of uncertainty detailed previously. It should be noted that the projected area of the heat
transfer surface for FLSP S2 was used in Equation (13). Hence, the surface area was kept
at 18 cm2.
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Figure 17: Heat transfer coefficients for both the smooth (blue) and FLSP (red) 316
stainless steel surface
As can be seen in the figure above, there was no measurable enhancement in heat
transfer coefficient between the smooth and FLSP 316 stainless steel surfaces. Both
surfaces followed very similar trends in heat transfer coefficient, with the smooth surface
slightly outperforming the FLSP surface at low Reynolds numbers. It should be noted that
the experimental setup would not allow for flow over the FLSP 316 stainless steel surface
at Reynolds numbers below 53, whereas the smooth surface was able to go down to a
Reynolds number of 39. This was due to the higher overall pressure drop across the flow
loop with the FLSP surface installed. These minimum Reynolds numbers corresponded to
the lowest achievable flow rate for the micropumps.
It is the author’s belief that the lack of enhancement of heat transfer coefficient is
due to either the closely-packed nature of the FLSP structures, or the presence of an oxide
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layer on the surface of the 316 stainless steel, or a combination of the two. The FLSP S2
surface had structures with an average peak-to-valley height of 117 μm and were spaced
between 25 and 50 μm apart. It is possible that this close spacing inhibited flow between
the peaks of the FLSP surface, which would prevent the localized turbulence and mixing
expected from a rough surface. It is also possible that the laser processing introduced an
oxide layer on the surface that would be thick enough to negate any heat transfer
enhancement from the roughness of the structures themselves. It should be noted that all
FLSP samples in this study were laser processed in an open air environment, which allows
growth of the already present surface oxide layer.
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Chapter 5: Conclusions
5.1 Conclusions
An experimental setup consisting of a single minichannel with a constant heat flux
boundary condition was designed and validated in this thesis. A counterflow heat
exchanger design was initially designed and was determined to be inadequate for
comparing heat transfer performances of smooth and FLSP 316 stainless steel surfaces.
Heat transfer coefficients for laminar flow over an FLSP 316 stainless steel surface were
recorded and compared with a reference smooth 316 stainless steel surface with the single
minichannel design with the constant heat flux boundary condition. Results show no
enhancement in the heat transfer coefficient of the FLSP 316 stainless steel surface. This
final experimental setup has the capability of determining if functionalized metallic
surfaces fabricated with the FLSP technique are a viable means of enhancing single phase
heat transfer.

5.2 General Recommendations
The goal of this thesis was to design and validate an experimental setup capable of
determining the effect of FLSP of a metallic surface on the heat transfer performance of
single phase fluid flow in a minichannel. With this goal met, it is recommended that
experimental studies of heat transfer coefficients for single phase flow over several
different types of FLSP metallic surfaces be conducted. Future work can and should be
done for different working fluids.
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